FT-IR spectrum of quinoline-2-carbaldehyde benzoyl hydrazone (HQbÁH 2 O) was recorded and analyzed. The synthesis and crystal structure data are also described. The vibrational wavenumbers were examined theoretically using the Gaussian03 package of programs using HF/6-31G(d) and B3LYP/6-31G(d) levels of theory. The data obtained from vibrational wavenumber calculations are used to assign vibrational bands obtained in infrared spectroscopy of the studied molecule. The first hyperpolarizability, infrared intensities and Raman activities are reported. The calculated first hyperpolarizability is comparable with the reported values of similar derivatives and is an attractive object for future studies of non-linear optics. The geometrical parameters of the title compound obtained from XRD studies are in agreement with the calculated values. The changes in the CAN bond lengths suggest an extended p-electron delocalization over quinoline and hydrazone moieties which is responsible for the non-linearity of the molecule.
Introduction
Hydrazides and acylhydrazones are nowadays of considerable technical and commercial importance [1] . This is connected with their wide use as drugs, photo-thermochromic compounds and precursors for organic synthesis [2] [3] [4] . In the case of acylhydrazones the presence of the carbonyl oxygen atom promotes the formation of a chelate binding center [3] . Hydrazones and their metal complexes possess pronounced biological and pharmaceutical activities as antitumor [5] [6] [7] , antimicrobial [8] , antituberculosis [9] and antimalarial agents [10] . Hydrazones play an important role in improving the antitumor selectivity and toxicity profile of antitumor agents by forming drug carrier systems employing suitable carrier proteins [11] . They are also employed as extracting agents in spectrophotometric determination of some ions [12] [13] [14] and spectrophotometric determination of some species in pharmaceutical formulations [15] , as well as used in catalytic processes [16, 17] and waste water treatment [18] . Hydrazones, such as pyridoxal isonicotinoylhydrazone, salicyladehyde benzoylhydrazone and 2-pyridyl carboxaldehyde-2-thiophene carboxaldehyde hydrazone, act as orally effective drugs for the treatment of iron overload diseases or genetic diseases b-thalassemia [19, 20] . Metal complexes of hydrazones have found applications in various chemical processes like non-linear optics, sensors etc. [21] , and have been used in the separation and concentration of palladium and platinum in road dust [22] . Quinolines are heterocyclic compounds, which are worth to study for many reasons, chief among them being their prevalence among biologically active molecules [23] . Derivatives of quinoline have been widely used in the synthesis of antibacterial, antihypertensive and antifungal drugs [24] . These molecules possess non-centrosymmetry and hence they are widely used in the synthesis of molecules having non-linear responses [24, 25] . As for molecular design of new non-linear optical materials based on quinoline, the pyridine ring can be thought of as an acceptor group within the molecule, with the benzene ring as a donor. Increasing the acceptor character of the pyridine ring and/or increasing the donor character of the benzene ring would, therefore, substantially increase the non-linearity of this class of compounds [26] . Hydrazones have found wide applications in synthetic chemistry [27] , to be used as indicators. Hydrazones are now being used extensively in detection and quantitative determination of several metals, for the preparation of compounds having diverse structures, analytical chemistry for the identification and isolation of carbonyl compounds [28] 
where E 0 is the energy of the unperturbed molecule, F i is the field at the origin, l i , a ij , b ijk and c ijkl are the components of dipole moment, polarizability, the first hyper polarizabilities, and second hyperpolarizibilites, respectively. In the present work, the synthesis, crystal structure data and vibrational spectroscopic analysis of quinoline-2-carbaldehyde benzoyl hydrazone (HQbÁH 2 O) is reported. The structure of the hydrazone is given in Fig. 1 .
Experimental
All the chemicals and solvents used for the syntheses were of analytical grade. Benzhydrazide (Sigma Aldrich) and quinoline-2-carbaldehyde (Sigma Aldrich) were used as received. The title compound is prepared by protocol reported by Mangalam et al. [39] . Benzhydrazide (0.136 g, 1 mmol) dissolved in methanol (10 cm 3 ) was added to a hot solution of quinoline-2-carbalde- Elemental analyses were carried out using a Vario EL III CHNS analyzer at SAIF, Kochi, India. IR spectrum (Fig. 2 ) was recorded on a Thermo Nicolet AVATAR 370 DTGS model FT-IR Spectrophotometer in the range 4000-400 cm À1 with KBr pellets and ATR technique at SAIF, Kochi, India. Colorless block shaped crystals of the hydrazone, suitable for X-ray diffraction studies, were grown from a solution of mixture of DMF and ethanol (1:1v/v). The lattice is monoclinic in nature with P2 1 /n symmetry. The crystal data and structural refinement parameters are given in Table 1 . The data were collected using Oxford Diffraction Xcalibur-S diffractometer, equipped with graphite-monochromated Mo Ka (k = 0.71073 Å) radiation at the National Single Crystal X-ray Facility, IIT Bombay, Mumbai, India. The intensity data were collected at 150(2) K by the x/q-scan mode. The cell refinement was done using the CrysAlis RED software [40] . The structure was solved by direct methods with the program SHELXS-97 and refined by full matrix least squares on F 2 using SHELXL-97 [41] . The graphical tool used were Diamond version 3.1f [42] and mercury [43] . Full crystallographic data (cif file) relating to the crystal structure have been deposited with the Cambridge Crystallographic Data Centre as CCDC 743681. The ORTEP diagram of the compound is given in Fig. 3 . The molecule (numbering of atoms, according to Fig. 3 ) as a whole is roughly planar with a maximum dihedral angle of 4.82(11)°between the rings formed by the atoms C 1 , C 2 , C 3 , C 4 , C 5 , C 6 and C 12 , C 13 , C 14 , C 15 , C 16 , C 17 respectively. The C 11 AO 1 bond length of 1.228(3) Å indicates the molecule exists in the keto form in the solid-state. The C 10 AN 2 bond length of 1.279(2) Å confirms its significant double-bond character. The values of the N 2 AN 3 and N 3 AC 11 bond distances of 1.379(2) and 1.362(3) Å, respectively, indicate significant delocalization of p-electron density over the hydrazone portion of the molecule. The torsion angle values, À179.54(19)°and 1.9(3)°attained by N 3 AN 2 AC 10 AC 9 and N 2 AN 3 AC 11 AO 1 , suggest the existence of the ligand in trans configuration along the C 10 AN 2 bond and in cis form along the C 11 AN 3 bond [44] [45] [46] . The existence of C 10 AN 2 bond in trans configuration, rules out the possibility of intramolecular N 3 AHÁ Á ÁN 1 hydrogen bonding. The packing of molecules in the crystal lattice is shown in Fig. 4 .
The unit cell is viewed down the 'a' axis. The molecules are arranged in a zig-zag manner in the unit cell. An interesting feature of the crystal packing is the formation of a supramolecular chain mediated by a network of hydrogen bonds (Fig. 5) .
The residual water molecule in the crystal lattice interconnects adjacent molecules in the lattice through intermolecular hydrogen bonds. Finally, these chains are linked into highly ribbed 3D array by extensive hydrogen bonding interactions. The orientation of the molecules in the crystal lattice is in such a manner that pÁ Á Áp stacking interactions are present between Cg (2) (C 1 , C 2 , C 3 , C 4 , C 5 , C 6 ) and Cg(3) (C 12 , C 13 , C 14 , C 15 , C 16 , C 17 ) at an average distance of 3.8931 (14) Å. In addition, C 11 AO 1 Á Á ÁCg (2) interaction is also observed with O 1 Á Á ÁCg distance of 3.9025(19) Å and C 11 Á Á ÁCg distance of 3.481(2) Å. The molecules in the adjacent layers within the unit cell are held together by these interactions, which reinforce the packing. The significant bond parameters and interaction parameters are given in Tables  2 and 3 respectively. 
Computational details
Calculations of the title compound were carried out with Gaussian03 program [47] using the HF/6-31G(d) and B3LYP/6-31G(d) levels of theory to predict the molecular structure and vibrational wavenumbers. The wavenumber values computed contain known systematic errors [48] and we therefore, have used the scaling factor values of 0.8929 and 0.9613 for HF and DFT levels of theory. Parameters corresponding to optimized geometry of the title compound (Fig. 6 ) are given in Table 4 . The absence of imaginary values of wavenumbers on the calculated vibrational spectrum confirms that the structure deduced corresponds to minimum energy. The assignment of the calculated wavenumbers is aided by the animation option of MOLEKEL program, which gives a visual presentation of the vibrational modes [49, 50] .
Results and discussion
The observed IR bands with their relative intensities and calculated (scaled) wavenumbers and assignments are given in Table 5 .
The NH stretching vibration [51] appears strongly and broadly in the region 3390 ± 60 cm
À1
. In the present study, the NH stretching band has split to a doublet, 3395, 3294 cm À1 in the IR spectrum owing to the Davydov coupling between the neighboring units. A similar type of splitting observed in acetanilide [52, 53] and N-methylacetamide [54] in the stretching band is attributed to the Davidov splitting. The splitting of about 101 cm À1 in the IR spectrum is due to the strong intermolecular hydrogen bonding. The CNH vibration in which N and H atoms move in opposite direction of carbon atom in the amide moiety appears at 1523 (IR), 1518 cm À1 (DFT) and the CNH vibration in which N and H atoms move in the same direction of carbon atom in the amide group appear at 1260 (IR) and at 1256 cm À1 (DFT) [55] [56] [57] . The NH rock in the plane is observed at 1210 cm À1 in IR and at 1221 cm À1 theoretically [57] . The out-of-plane waging of NH [51] is moderately active with a broad band in the region 790 ± 70 cm À1 and the band at 875 (IR), 865 cm À1 (DFT) is assigned as this mode. Panicker et al. [58] reported NH deformation bands at 1538, 1220 cm À1 in IR spectrum and at 1538, 1223 cm À1 theoretically.
The CN stretching vibration [51] coupled with dNH, is moderately to strongly active in the region 1275 ± 55 cm
. El-Shahawy et al. [57] observed a band at 1320 cm À1 in the IR spectrum as this mCN mode. In the present case, the mC 32 AN 20 band is observed at 1358 cm À1 in the IR spectrum and at 1353 cm À1 theoretically. This mode is not pure, but contains significant contribution from inplane CH mode. The carbonyl stretching C@O vibration [51, 59] Since the identification of all the normal modes of vibration of large molecules is not trivial, we tried to simplify the problem by considering each molecule as a substituted benzene. Such an idea has already been successfully utilized for the vibrational assignments of vibrations containing multiple homo-and heteroaromatic rings [67] [68] [69] [70] . In the following discussion, the mono and ortho substituted phenyl rings are designated as PhI and PhII, respectively. The modes in the two phenyl rings will differ in wavenumber, and the magnitude of splitting will depend in the strength of the interaction between the different parts (internal coordinates) of the two rings. For some modes, the splitting is so small that they may be considered as quasi-degenerate, and for other modes a significant amount of splitting is observed. Such observations have already been reported [67] [68] [69] [70] [71] . For substituted benzenes, the CH stretching modes are expected in the region 3105-3000 cm À1 [51] . There are five CH stretching modes for mono substituted benzenes. According to selection rules all five bands are allowed in the IR spectrum [55] [51] . In the absence of ring conjugation, the band near 1580 cm À1 is usually weaker than that at 1600 cm
. The fifth ring stretching vibration is active near 1335 ± 35 cm À1 , a region which overlaps strongly with that of the CH in-plane deformation and the intensity is in general, low or medium high [51, 55] . The sixth ring stretching vibration or ring breathing mode appears as a weak band near 1000 cm À1 in mono substituted benzenes [51] . . These vibrations are expected in the region 1620-1300 cm À1 [51] . Some modes are not pure, but contain significant contributions from other modes. For the title compound the ring breathing mode of the mono substituted benzene is assigned at 996 cm À1 in the IR spectrum and at 995 cm
theoretically.
The CH out-of-plane deformations of the phenyl ring [51] are observed between 1000 and 700 cm
. Generally the CH out-ofplane deformations with the highest wavenumbers have weaker intensity than those absorbing at lower wavenumbers. In the pres- and the out-of-pane ring deformation at 698 cm À1 form a pair of strong bands characteristics of mono substituted benzene derivatives [72] . In the case of 1,2-disubstitued phenyl ring one strong vibration in the region 755 ± 35 cm À1 is observed and is due to cCH. This is confirmed by the strong band at 750 cm À1 in the IR spectrum. This band is not pure but contains significant contribution form dC@O mode. In ortho disubstituted benzene rings, the ring breathing mode has three wavenumber intervals according to whether both substituents are heavy, or one of them is heavy while the other is light, or both of them are light. In the first case, the interval is 1100-1130 cm À1 , in the second case it is 1020-1070 cm
, while in the third case [55] it is 630-780 cm
. In the present case, the band at 760 cm À1 given by DFT is assigned as the ring breathing mode of ortho substituted phenyl ring.
Quinolines and isoquinolines have three bands near 1600 cm
and five bands in the range 1500-1300 cm À1 [73] . Chowdhury et al. [74] reported the in-plane skeletal deformation bands of Interaction parameters of the title compound. Short-ring interaction Pi-ring interactions Primary aromatic amines with nitrogen directly on the ring absorb at 1330-1260 cm À1 because of the stretching of the phenyl CAN bond [56] . For the title compound, the mC 2 AN 12 mode is observed at 1289 cm À1 in the IR spectrum and at 1276 cm À1 theoretically. The CAN stretching bands are expected [77] in the range 1100-1300 cm
Hydrogen bonding
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À1
. In the present case mC 14 AN 12 mode stretching band is calculated to be at 1304 cm À1 theoretically.
Geometrical parameters and first hyperpolarizability
The experimental NAN bond length of hydrazone [78] is reported as 1.449 Å and the electron diffraction NAN bond length of tetramethylhydrazone [79] is reported at 1.401 Å. Kostova et al. [80] À179.9 D (30, 26, 28, 24) 179.5 D (30, 26, 28, 31) 0.0 D (20, 32, 33, 36) À0.5 D (21, 32, 33, 36) 178.4 D (32,33,36,19) 2.0 D (32, 33, 36, 35) 157.4 D (16, 35, 36, 19) À6.9 D (16, 35, 36, 33) À157.7 D (37, 35, 36, 19) 128.1 D (37, 35, 36, 33) À22.6 Table 5 Calculated vibrational wavenumbers (scaled), measured infrared band positions and assignments for quinoline-2-carbaldehyde benzoyl hydrazone. [89] 121.0°and 123.6°. These differences are ascribed to the steric repulsion between H25 and H34 atoms.
In the present case, the dihedral angles C 22 AC 21 AC 32 AO 33 was determined to be 157.2°(DFT) and 178.9°(XRD). On the contrary, the equilibrium structure of benzaldehyde is planar [81] . The steric repulsion in the present case is also considered to cause the nonplanar skeleton. The C 21 AC 32 bond length 1.4905 Å (DFT), 1.4953 Å (XRD) is larger than the corresponding length of benzaldehyde (1.4794 Å) by 0.0111 Å [89] .
The C 32 [91] and Baraczyriski et al. [92] .
Using the x, y and z components, the magnitude of the dynamic first hyperpolarizability can be calculated by b ¼ ðb
The complete equation for calculating the magnitude of the dynamic first hyperpolarizability from the Gaussian03 output is given as follows [93] .
To calculate the dynamic first hyperpolarizability, the origin of the Cartesian coordinate system was chosen as the centre of mass of the compound. The calculated first hyperpolarizability of the title compound in an electric field of value 0.001 a.u. is 14.03 Â 10 À30 esu. The CAN distances in the calculated molecular structure vary from 1.2934 to 1.3826 Å A ). Therefore, the calculated data suggest an extended p-electron delocalization over quinoline and hydrazone moieties [94, 95] which are responsible for the non-linearity of the molecule. Honeybourne et al. [94] and Bader et al. [95] reported a hyperpolarizability value equal to 1.794 Â 10 À30 esu for 8-hydroxyquinolinium picrate. We conclude that the title compound is an attractive object for future studies of non-linear optical properties.
In order to investigate the performance and vibrational wavenumbers of the title compound root mean square value (RMS) and correlation coefficient between calculated and observed wavenumbers were calculated (Fig. 7) . RMS values of wavenumbers were evaluated using the following expression [96] .
The RMS error of the observed IR bands is found to be 35.24 for HF method and 13.11 for DFT method. The small differences between experimental and calculated vibrational modes are observed. It must be due to the fact that hydrogen bond vibrations present in the crystal lead to strong perturbation of the infrared wavenumbers and intensities of many other modes. Also, we state that experimental results belong to solid phase and theoretical calculations belong to gaseous phase. 
Conclusion
The synthesis, crystal structure data, and FT-IR spectrum of quinoline-2-carbaldehyde benzoyl hydrazone were reported. The molecular geometry and wavenumbers were calculated using HF/ 6-31G(d) and B3LYP/6-31G(d) basis. Optimized geometrical parameters of the title compound are in agreement with the crystal structure data obtained from XRD studies. The extended p-electron delocalization over quinoline and hydrazone moieties is responsible for the non-linearity of the molecule. The first hyperpolarizability, infrared intensities and Raman activities are reported. The calculated first hyperpolarizability is comparable with the reported values of similar derivatives and is an attractive object for future studies of non-linear optics. An interesting feature of the crystal packing is the formation of a supramolecular chain mediated by a network of hydrogen bonds.
